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i. INTRODUCTION 


In the past ten years, a tremendous amcunt of work has 
gone into the investigstion of the attenuation of gamma 
radiation. The preblem of gamma rey attenuation would be 
relatively simple if it were merely an absorptive reaction. 
However, it is eomplicated greatly by the energy dependence 
and by the variety of interacticns of gamma reys with matter. 
Because cf the different types of interactiens, the attenue- 
tion of gamma rays dees not lend itself particularly well to 
experimental determinaticns and the more detailed end exact 
results have been determined theoretically. 

With the advent cf improved counting techriques sub- 
sequent to 1947, it has been pessible te chtain more accurate 
experimental results. However, most cf the experiments have 
been performed using a highly collimated beam cf monoenergetic 
gamma rays and reeerding the half thickness, or abserpticn 
ecefficients, of the absorbing material with regarc to the 
total amount ef electromagnetic radiatien issuing fron the 
material. Oue te the various interaction processes, the 
electromagnetic radistion coming frem the absorber covers 
the entire energy ranee from the energy of the initial gamma 
ray through the x-ray region. 

2he variation cf the ener vy spectrum of camaa radiation 
with increasing absorber thickness 13 of particular interest 


Since this variation is not constant over the energy range. 
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With the development cf improved gamma ray scintillation 
erystals, phote multiplier tubes, and reeerding spectrometers, 
it is possible to obtain a rather accurate gamma ray energy 
spectrum using a fairly low intensity seurce of gamma radi- 
ation. 

Sines gamma ray sources are not collimated in nermal 
use, and since there is some debate as to the degree of col- 
limation that can actually be obtained, it was decided not 
to collimate the source in this investigation. This idea 
led to a rather simple experimental setup closely approximat- 
ing a seintilliation detector being placed against the cut- 
side of a radiation shield. Lead was chosen as the absorb- 
ing material, since it is the primary material used in gamma 
ray shielding. 

if the variations in the energy spectrum with absorber 
thickness, using this setup, could be correlated with exist- 
ing theery, it would provide a relatively simple experimental 
method of determining informaticn cn the attenuation of gamma 


radiation. 
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3 
Il, REVINW OF THE LITCRATURE AND THEGHY 


Volumes of literature have been published on interac- 
tions of gamua rays with matter. Nc attempt was made to read 
through all of this material. Only a few of the more ac- 
eessible and acceptable articles, dealing with the varicus 
aspects of the problem, were chosen fer review. 

It would be rather peintless to attempt to cover the 
detalled theory of the varicus gamma ray interactions. 
References to the detailed theory will be given and seme of 


the sere important equaticns and results will be shown. 
A. General 


There are several good references on the fundamentals 
of gamma ray interaction processes. for basic understanding 
Fano (1), Friedlander and Kennedy (3), Kaplan (11), and Segre 
(19) present a comparatively simple aprpreach to the overall 
preblem. Heitler (6) gives a breader treatment of the prob- 
lem but is more difficult to follow. One of the latest 
general works cn the attenuation cf gamma rays by Goldstein 
(4) contains excellent material in all phases ef the problem: 
ineluding primary and seeondary effects, recent mass absorp- 


tion coefficients, and seme methods of calculation. 


B. Photoelectric Effect 


in the photoelectric precess the incident photon trans-~ 
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fers all of its energy to one of the atomie electrons, ejeet- 
ing it with an energy equal te the energy ef the incident 
photon less the fonizsation energy of the electron. There- 
fore, in order for the process to occur, the energy of the 
incident photon must be greater than the binding energy of 
the electron. Since the binding energy of the electrons is 
small fer low © elements and increases approximately as s*, 
the pheteelectric effect is much more important in the higher 
2 elements. When the electron is ejected from its shell in 
the atom, an electron fren the next cuter shell dreps into 
its place and a pheton is emitted with energy equal to the 
aifference in binding energy of the two electren shells. 

when pheten energies are large compared to the ioniza- 
tion energy, tne olectren appears lightly bound anid the photo 
electric process becomes less probable. Heitler (6) shows 
the quantum mechanical derivation of formulas for the preb- 
ability that a pheton of a particular energy will underge 
photeeleetric absorption. Kaplan (11) gives the simplified 


formula for the photoelectric cress section per atom 
aT = $,29(1/137)" WIE (me® my )?/? , (1) 


where hZ is the energy of the incident photon, moe* is the 
rest energy of the electron, < is the atomic number of the 


absorbing material, and 2. is the Thompson scattering unit 


D, = 81T/3 (e*/m,e*)* = 0.665 barns (2) 
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The values of q 7 obtained from this formula are only ae- 
curate for photen energies in the neighborheed cf 0.5 Mev 
and more rigoreus formulas must be used fer energies differ- 


ing appreciably from this value. 
C. Compton Scattering 


The Cempton effect is the scattering of photons by free 
Gleetrons. The main scurce cf difficulty in the calculation 
of gamma ray attenuation is caused by the change in direction 
and energy of the ineident photons in this scattering precess. 
Kaplan (11) gives the energy cf a photon scattered at a given 
angle; 


hv 
hy =~ (3) 


2 > 
1 +h L,/a,¢ (1-cos6) 
or in terms of electron rest mass energy, 


E 
Bers ; (4) 


# l-cos€, 


The quantum mechanical development of the Klein Nishina 
formula for the prebability that Compton scattering will oe- 
eur ig shown by Heitler (6). The equation for tetal scatter- 


ing cross section per electron is 


1+ EE |[2E (1 + B_) = 
@ J,'®? = 3/4, ——" a: in(l + 28,)| 
© 
lL + 3£ 





oe (5) 


+ in(l + 2E_) = 
2, © (1428, )* 
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where B, is in electron rest mass units end Z is given by 
Equation 2. The differential eress section for seattering 


by a given angle, per unit solid angle, is given by 
2 
2 
TieMQ = azo /E + B/E, - sin*e)aQ. (6) 
3) 


Latter and Kahn (12) have compiled tables for the values of 
the differential cross section and Nelms (16) made an exten- 
sive set of grarhs of Compton energy angle relationship and 
the differential cross sections for various scattering angles 
and initial pheten energies. 

From Fquation 5, it can be seen that the total scatter~ 
ing eross section per electren is independent of 2 and there- 
fore the cross section per atom varies as 4. It can also be 
shown from this equation that the totel scattering cross 


section increases with inereasing phcton energies. 
D. Pair Preduction 


In pair production the entire energy of the ineident 
photon is transformed into the creation ef an electron - 
positron pair. The kinetic energy of the pair is equal to 
the energy of the incident photon minus twice the rest mass 
of an electron. Therefore, the threshold for pair preduction 


or 1.022 Mev. Segre (19) has a gocd development 


is 2n,¢ 
of this precess, showing the inerease in the effect with 2 


and energy. 
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Since the energy of the source used in this investiga- 
tion was below the threshold energy, the effect of pair pro- 


duction could be neglected. 
BE. Seeondary Interaction Frocesses 


There are several secondary precesses of photon inter- 
action with matter. These are ccherent electron seattering, 
annihilation radiation, fluerescenee radiation, bremsstrah- 
lung, Thomsen scattering frem the nucleus, petential scstter- 
ing, eoherent moleeular or crystal scattering, nuclear inter- 
action, and radiative corrections te lower order precesses. 
Goldstein (4) discusses each of these processes and shows 
why they can be neglected for actual calculations of gamma 


rey attenuation. 
FP. Gamma llay Absorption Ceefficients 


If a beam of photons of flux density I strikes an ab- 
sorber which has thickness x, n number of atoms per unit 
volume, and a collision cross section of G0, then the number 
of coOllisions made in a path Length dx by photons passing in 
unit time through unit cross sectional area cf the beam is 
Ign dx. Using the macreseopie absorption ceefficient yy, 
equal to ng, this valve is Iywdx. If the collisions are 
purely absorptive, this number of coliisions must be equal 


to the decrease in the flux density I over the distance dx: 
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-dl = 1 L/ dx (7) 
The solutien to this simple differertial equation is the well 


known absorption law 
I = 1.64% (8) 


Since the gamma ray interaction processes are not 
completely abserptive, iquation 7 dees net rive the actual 
decrease in flux density. Therefore iquation 8 does not 
deseribe the attenuation of the tetal beam, but gives the 
flux density of these phetons which survive witheut having 
made any collisicns. 

The tetal pheton cress section is the sum of the cross 
sections for phetoelectric effect, Compten scattering and 
peir production: 

Ce Opp + Co + Opp (9) 


This total cross section is normally expressed as the mass 
absorption coefficient, 4 , in units of om” /g. lwunerous 
tables of absorption coefficients have been made, based in 
varying proportions on calculations and measurements with 
narrew beam geometry. Latter and Nahn (12) made an extensive 
compilation in 1949. The compilation made by White (22) is 
ene of the mest recent and is believed te be accurate within 


2 per eent. 


g 
G@ Methods of Caleulating Gamma lay Attenuation 


In order to calculate the attenuation of gamma radiation 
it is necessary to know how many photons are going in what 
direction with what energy at any point. This is given by 
a flux density function of position, energy and direction, 

N (¥, E,O.). This function is defined so thet M(r, E,) 
4EAQ. gives the number of phetens at rf, with energy I in 
range GE, going in the direction specified by the unit vector, 
fly within the element of solid angle 4, which cross in 
unit time a unit differential element cf area whese normal 

is in the direction O. This value of NW is normally called 
the angular number flux. Corresponding is the angular energy 
flux, I (r, E,©) which refers te the energy carried by the 
photons rather than to their number. This angular enersy 
flux is equal to EN. 

Goldstein and Wilkins (5) show the derivation cf the 


equation fer the transport of ramma rays in terms of I: 
V-Orsul= {fie EA yn (04-0, 21-2 AS aares(7,2,O), (10) 


where TOALOA, E'-+-E) is the differential cross section 

for seattering from the direction Q' te QD and from the 

energy E' to E, and B(F B,O) is the energy source function. 
The complicated form of Fquation 10 insures that any ae~ 


curate methed of solving the transport equation will involve 
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extensive computations. Welton (21) reviewed some of the 
metheds that have been used up te 1955. Fane and Nelms (2) 
developed a simplified solution in 1957, but it is only ape 
plieable to photons of energy less than 0.5 Mev and fairly 
low 4 absorbers. At present enly three successful metheds 
have been developed. 

The methed of successive scatterings uses the calculation 
of the unseattered flux to obtain the collision density for 
the first scattering. By treating the scattered photons as new 
sources, the flux of singly seattered photons can be found. 
This process can be repeated until all photons makine contribu- 
tions to the flux are included. After the first scattering 
this procedure becomes quite involved. Peebles (17) and Pee- 
bles and Plesset (18) have carried this method the farthest 
and give results cbtained for lead and iron slaks. 

The Monte Carlo technique consists of theoretically 
tracing the life history of a large number of photons. Fach 
step in the histery is chesen at random from the known prob- 
ability distribution for the given event. Meyer (14) has 
brought together a number of papers on the Monte Carlo teeh- 
nique ineluding some results of its application to several 
shielding problems. 

The method of moments was developed by Spencer and Fano 
(20) in 1951. It consists primarily of expanding the engular 
flux in terms of Legendre polynomials and integrating over 
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all selid angles. Goldstein end Wilkins (5) have applied 
thia method to an extensive program of gamma ray sitenuation 


calculaticns with excellent results. 
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Lil, MQurlPpMeONT ano PROCEDURE 


The equipment used in this investigstion and the experi- 
mental arrangement are shown in Figure 1. A detsiled deserip- 


tion of the equipment follows. 
A, Source 


The source ehesen for this experiment was of cesiva- 
barium 137. This isetepe pair emits a mencenergetic gamua 


ray with an energy cf 0.662 Mev due te the decay schemes 


Cgi3? _33Y . paid 7m . o, 52 Mev GC 


pat37m _2.6m 5.137 . o.462 Mev y . 


Due to the long half life, the scurce remained essentially 
eonstant over the period of the investigation. The source 
consisted of a thin layer cf cesium, cne inch in diameter, 

on an aluminum planchet. The strength cf the source was ap- 
proximately O.1 millicuries; the exact strength was net 
important since cnly relative values were needed in this 
investigation. The aluminum planchet was mounted over e hele 
in a weeden stand to minimize scattering. The source was 
left at a constant distance ef one inch from the scintilla- 


tion erystal. 
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B. Abserbders 


Lead was used as the absorbing material. It was in the 
rorm ef three inch squares ef varying thicknesses. The thick- 
ness of these lead plates was measured in srams per square 
centimeter; the maximum thickness being 14.7 a/em™ or about 
1/2 inch. The abserber in use was held against the face of 


the seintiliation crystal by a wooden bracket. 


C. Detector 


- 
= 


The detector used in this experiment was the Nuclear- 
Chicago Mogel DS5 Versatile Scintillation Counter which was 
designed for operation with scalers, rate meters, or dif- 
ferential pulse-helght anelygers. This detector consists ef 
three parts; the basic probe, a crystal etapter, and the 
scintillation erystal. 

The basic probe is made up of the heusing, inner lead 
shielding, phote multiplier tube, nreamplifier cirevit, and 
the attached cables. The pheto multinlier tube is the HCA 
type 665. Merton (15) gives a goed diseussicn ef the use of 
this type of tube for scintillation counting. 

The AkcS erystal adapter used for the well type crystal 
consists cf the heusing which screws on tc the 085 basic 
probe, a light pipe, and an internal lead shielding ring. 

the scintillation erystal used was the AT2WO well-type 
erystal. This is a thallium activated sedium lodide crystal 
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hermetically sealed in a 1/32 inch aluminum can. The dimen- 
sions of the erystal are 1-7/8 inches in diameter by 2-1/4 
inches thick with a 21/32 inch diameter well 1-1/2 inches 
deep. This crystal was primarily designed for use with test 
tubes and centrifuge tubes. Due to the geometry of the ex- 
periment, the well had no effect on the results. 

Hofstadter (7, 8), Hofstadter and McIntyre (9) and Jordan 
and Bell (10), who have done a vast amount of investigation of 
seintillation materials, recommend the thallium ectivated sodi- 
um iodide crystal as the best available fer gamma ray detec- 
tion. They estimate the detection efficiency of this type of 
erystal te be approximately 45%, depending on geometry. Maed- 
er and Winterstieger (13) used this type of erystal in the 


investigation of gamma ray spectra with excellent results. 
D. Spectrometer 


the scintillation detector was cennected to a Nuclear- 
Chicago Model 1820 Reeording Spectrometer. This is a single 
ehannel differential pulse-height analyzer which autometicai- 
ly seans the pulse height spectrum and zraphically reeords 
the input pulse rate versus pulse height on a paper strip 
chart. This instrument consists of a radiation analyzer, 2 
count rate meter, and a recorder. 

The pulses from the seintillation detector are fed into 


a linear amplifier in the radiation analyzer and then into 
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beth ef two amplitude discriminating circuits. The base 
Level discriminator sets the voltage level belew which all 
pulses are rejected. The base level can be adjusted from 

1 to 100 volts by the base level control. From the xtnmewn 
pulse height ef a source, the base level can be calibrated 
by means of a high voltage control. The upper discriminator 
is referenced to the base level discriminator. A voltage 

ef from 0 te 10 velts above base level voltage can be set by 
means of the windew width contrel. Leth of these discrimi- 
neters feed into an anticoineidence cireult which rejects 
pulses received simultaneously from beth discriminators and 
passes cnly these pulses received alone from the base level 
diseriminater. Fer cperaticn as a recording speetroneter, 
seanning of the radiation energy range is preduced ty a linear 
sweep of the base level discriminator voltage. This is ac- 
complished by motor driving the base level control at a 
standard rate cf cne-half hour per complete scan. 

The selected pulses from the radiation analyzer are fed 
inte the count rate unit which provides a controllable amount 
of integration. The output signal, which is properticonal to 
the number of pulses per minute, is fed to the visual meter 
on the front of the spectrometer and also to the chart re- 
eorder. 

The recorder is used to obtain a large linear presenta- 


tien of the radiation spectregrams. The input signel is fed 
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inte a self balancing G-c potentiometer which drives the 
recording pen. The count rate is then indicated by pen dis- 
placement, and the radintion energy is represented by the 
distance along the time axis of the chart. 


¥. Sealer 


Due te the fluctuation of the count rate meter, the base 
level velta e can be sore ececurately ealibrated by attaching 
a sealer to the radiation analyser. aA standard Pueclear- 
Chieago Medel 131A Sealer was used for this puerpese. 


F. Method cf Chtaining Data 


The apparatus was arranyed on a table as shewn in Figure 
1. The table was placed in the center cf the room to minimize 
seattering from the walls. after allowing the equipment time 
to warm up, the source was placed in position, and the spec- 
trometer was calibrated for c62 kev by adjusting the high 
voltage until the maximum ceunt rate was ebtained on the 
scaler. For all runs the spectrometer was set with a gain 
of 4:1, a count rate renge cf 30,000 counts per minute, a 
window width of one voit, ani a time constant of two seconds. 

With the spectrometer adjusted, the base level centre] 
was set at maximum pulse height, correspomiing to 1 Mev. aA 
lead absorber was then placed in the helder and the chart 


end base level arive turned on. 





7 —_ 
— 7 
_» — - ——T 


- _s ea : 


= - ae > e ps 4 


— ia “tga — a : 


ee pee 


a - aa nf 


- —_——_— =. @& & * 
elit, meet Ate Ce emma a OF ee : 
: ee ete ee et aol 
: het =) mn eee Oo Oe a | | 
eee ee | 
a -_ = e ,.. oe 
ee el 
| ee et ea! ot mele oe ltd aa 
| a tse i 4 hema, oe ered oth 1g) SO 
Oe 8 ne Oe Se eles ne ot CS 
a A Oe otek eee em ee Ace Meet De 
he OL i At ett en a 
poems gle te eee Om come @ pl lp 
ee 
ee ke 
© 26 1) ab ple ele la, mare im Jam oes 
.. . . ee ne 
ah OO) Oem 408, Om Oe 


































19 


After the first fow sanple runs, it became apparent that 
the spectrometer was extremely sensitive te small line 
voltage fluctuations and small temperature changes. The 
fluctuation in line voltage was corrected by the use cf a 
voltage reguister. By allowing a warm up pericd of at least 
an hour and a half, the temperature of the spectrometer was 
stabilized. However, small changes in reom temperature were 
still enough to cause an appreciable chanve in the peak pulse 
height. Therefore, it was necessary to calibrate the spec- 
trometer before and after every run, and discard the results 
if it wae found that the peak pulse height had shifted during 
the run. 

The data were cbtained in the form of radiation spec- 


trograms at varying absorber thicknesses. 





iV. RPSULTS AbD DISCUSSION 
A. General Characteristics cf the Spectrograms 


Some of the spectrexrams obteined in this investigation 
are shown in Pigures 2 threugh 11. The changes in the anount 
and energy of the penetrating radiation with variations of 
abserber thickness are shown grephicelly in these figures. 

A great amount of the acattered radiation appearing at the 
lewer energy regions i:. Figure 1, with no absorber, is due 
to the lead shielding in’ the scintillation detector. Since 
about half ef the source radiation incident on the secintil- 
lation erysetal passes threugh undetected, it wili not be 
absorbed in the crystal. The lead liner will scatter scme 
of this undetected pertion back into the crystal causing 
lower energy scintillations. The effect of this internally 
scattered radiation will be discussed along with the effects 
of the absorbor at different energy ranges of the spectro- 
grams. 

The predominant peak on all ef the spectrograms, at &G2 
kev, 18 & measure cf the number of unabsorbed end unscattered 
photens reaching the detecter. The decrease in this peak 
With lead absorbers in plece is a measure ef the number of 
photons which are both scattered and abserbed. 

Freceeding down the energy seale, the effeet cf Compton 


scattering becomes apparent. In Figure 2, with neo absorber, 
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this scattering 1s due te the internal scattering in the 
detector. 

There are two centributions to the internal Compton 
scattering. The first ecentribution is from the interectien 
ef the gamma rays with the seintilletion erystal. If a 
photon is scattered in a collision with the fodine in the 
erystai, the seattered photen may be absorbed in the erystal 
or it may penetrate on through the erystal. If the scattered 
photon is absorbed, the detsectcr will register the complete 
interaction as a single pulse with a height equal to the 
energy of the incident pheton. However, if the scattered 
photon penetrates through the crystal, the detector will 
register a single pulse with a heicht equal to the energy 
Lest by the incident photon in the seattering collisicn. 
Sinee the higher energy photons have a greater tendency to 
penetrate the crystal without being absorbed, the effect will 
be more pronounced for collisions at small angles. These 
low angle collisions cause little energy loss to the phetens 
and the detector will register e greater amcunt of this type 
of internal Compton scattering in the lower energy range. 
With no absorber, this contributicn te the internal Compton 
gcattering will vary directly with the peak height of the 
«62 kev peak. 

The second contribution to the internal Compton scatter-~ 


ing is due to the liner of the detector. Fart of the gamma 
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rays inecidert on the scintillation crystal will penetrate the 
erystel with ne interaction. Some cf these will be scattered 
back inte the erysteal by the liner. Since a photon would 
have to be scattered at an angle of at least 90° to get back 
into the crystal, the effect of the internal seattering should 
appear at an energy corresponding to the energy of a 662 kev 
photon seatterec at 90° anc be fairly constant at all lower 
energies. Using lLquation 4, this energy was calculated te 
be 400 kev, which agrees quite well with the energy where 
the internal seattering Gecurs in Figure 2. This internal 
scattering sheuld vary almest directly with the number of 
unseattered photens incident on the detector. Therefere the 
eontribution of the internal detecter seattering to the 
speetrograrphs will vary prepertionately as the height cf the 
602 kev peak. However, with the lead absorbers in place, 
there is edded te the internal scattering a contribution from 
the scattering cecurring ir the absorber. This addition ean 
be easily seen by comparing Figure 2 with Figure 11. In 
Figure 2, the height cf the Compton scattering is 28 per cent 
ef the height of the 662 kev peak compared with %3 per cent 
for Figure 11. 

At lower energies, there are other effects which are 
added to the Compton seattering. These effects aprear as 
peaks on top of the scattering curve cn the spectrograms. 


Fhetons will be scattered from the alwninum backing on 
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the source. In order te reach the detector they must be 
scattered at approximately 180°. Their enercy, calculated 
from Equation 4, showld be 185 kev which agrees closely with 
the first peak in the scattering regicn of the spectrograms. 
in erder to reach the detecter these back-scattered rhetons 
must pass through the absorbers; since phetens ef this energy 
are more resdily absorbed in lead, their cortribution de- 
creases rapidly with increasing abserber thickness. 

The peak next lower in energy is due te the character- 
istie K x-ray from pheteelectric absorption in lead. The 
energy of this x-ray is egual to the difference in enerzy 
between the K and L shell in leal, having a vaiuve of 72 kev. 
The lead shield in the deteectcr am? the lead abserber will 
both contribute to the phetoelectric peak. The internal 
eontributicn from the detector will acain be cleseiy propor- 
tional te the unscattered radiaticn reaching the detecter. 
The only photoelectric x-rays reaching the detector from the 
absorber will be due to tne phctoelectric processes occurring 
near the surface of the absorber on the detector side, since 
the x-rays originating away from the surface of the absorbing 
material will be absorbed by the material. This is confirmed 
by the slight increase in the photoelectric peak wher a thin 
absorber was used, ag shown in Figure 3. Therefcre, the 
abserber contribution te the phetcelectric peak is pxopor- 


tional to the ameunt cf radiation penetrating the absorbing 
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material. 

The lowest energy peak en the spectrograms only ceeurred 
wnen there was no absorber, as shown in Figure 2. This is 
due to the fact thet this x-ray originated in the seurce. It 
is the characteristic barium K x-ray, caused by the photo- 
electric process occurring in the barium, which was formed 
during the disintegration ef the cesium seurcee Dve to its 
low energy of 32 kev, this x-ray is absorbed in smeali thick- 
nesses of lead and did not appear when any ef the absorbers 
were in place. a 

Iwo methods were used in determining the variation of 
gamma ray flux with absorber thickness. The first method 
dealt with number flux and the second with energy flux or 
intensity. 

If NCL) 4s the number ef photons ef a particular energy 
which enter the detectcr crystal, then the veriation in HCL) 
with increasing absorber thickness ean be Getermined by meas-~ 
uring the count rate at a varticular energy point on each of 
the spectrograms. Table i shcws values of the count rate 
versus abserber thickness for several energy points. 

Figure 12 is a gemi-lovarithmic plot of the values snown 
in Table 1. The fact that the resulting curves tend te be 
straight lines indicates an exponential variation cf count 


rate with absorber thickness, or that 


K(E) = Hu (E)e 4% : (11) 
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Table 1. Variations of count rate, in counts per minute, 
with absorber thickness and energy 
=— &£ FF 8 & 
Oe 
0 10500 6000 9800 188006 
0.92 10650 5250 7350 17250 
1.82 10500 4950 6360 15900 
2.74 9300 4500 5500 14500 
3.64 8850 4350 5100 12900 
4.56 8250 . 3750 4950 118506 
546 7500 3750 4350 10800 
6.38 7500 3450 %200 9600 
728 6900 3380 3900 9200 
9.10 6000 2850 3400 7850 
14.70 3600 1056 1950 4125 
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The changes in the slope et the different energy peints shews 
that the value of uu is a function of energy. 

If I(Z) is the intensity of the phetons of a partieular 
energy range which enter the detector crystal, defined such 
that 


I(z) = BME) , (12) 


then the variation in I(!)) with inereasing absorber thickness 
ean be determined by measuring the area under the spectrogram 


curves fer that particular energy range. Values of area 
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versus absorber thickness fer the unseattered 662 kev peak 
and the photoelectric peak are shown in Table 2. The values 
of the areas obtained in this graphical integration were 
tabulated in square centimeters since enly relative valves 


were heing considered. 


Teble 2. Variation ef peak areas with abserber thickness 
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Absorber Area under Area under 
peepee 562 = peak 72 key peak 
f a om” 
0 : 45? “ 
0.92 ver Le 
1.82 380 LO 
2.74 352 39 
3.6% 312 36 
4.56 2&9 32 
5.46 267 34 
6.38 hs 29 
7.28 219 28 
9.10 185 25 
14.70 104 17 
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When these values vere vlotted on the semi-logarithmic 
plet shown in Figure 13, the resulting curves were again 


straight iines, indicating that 


(mh) = TC2) go /' « (13) 
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Since the slepe of the curves in Figure 13 is the same as the 
slope of the curve in Figure 12 for the game value cf energy, 
it ig apparent that the value ef y(E) is the same for the 


variation in both H(i) and I(F). 
B. Mass Absorption Coefficient 


in determining gamma ray mass absorption coefficients 
it hae been the practice to calculate er measure the azeunt 
ef unseattered radiation penetrating a material ani cive the 
results in the form of the slope cf the unscattered abserp- 
tion eurve for a particular energy. Table 3 shews some values 
of , for lead, which were determined by White (22) and are 
considered te ve accurate. 

The value of 4 for a 62 kev gamma ray was calculated 
to be 0.100 using Equation 1, 5 and 9. Since these equations 
were simplified, this calculated value was not expected te 
be exact. 

It has been shown that the peak height of the 662 kev 
peas in the spectreyrams is a measure cf the unseattera! 
gamma radiiatien which penetrates the absorber. Therefore, 
the slope of the 662 kev curve in Figure 12 or Figure 13 
shouid be a direct measure of the gamma ray mass abserption 
ecefficient in leed. The thickness cf lead required te re- 
duce the gamma ray intensity to one half the initial value 


was determined to he 6.8 g/on™. this gave a value for 4 
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Table 3. Gamme ray se absorption coefficient, LU » for 
lead, in cm 2/¢ (after G. K. White) 


Energy yy 
BBE — E— ——— SSS aS 





2 
0, 0b 9.76 
0.05 5.19 
0.06 3.15 
0.086 1.b1 
0.08823 K edge 1.09 
0.08823 K edge 742 
0.10 5229 
0.15 1.8% 
0.20 0.896 
0.30 0.356 
0.40 0.208 
0.50 0.145 
0.60 0.114 
6.80 0.0836 
1.00 0.068% 
of 0.102. 


In order to compare the experimentally determined value 
of LU with accepted values cof Joh for lead, a logarithmic 
graph of the values from Table 3 was plotted in Figure 1h, 
When the experimental value was plotted on this graph it 
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fell exactly on the curve ef accepted values. 
C. inmergy Suilidup Factor 


in ealeulations of the attenuation of gamma radiation, 
the results are normally given as buildup factors. This is 
the factor which, when multiplied by the unscattered contribu- 
tion, will give the total contribution cf the gamma rediaticn. 

in the experimental detarminaticrn ef buildup facters, 
it has been the usual practice to use two measurements. 
First, the narrew bean attenuation 1s found using a highly 
collimated beam cf monoenergetic gamma rays and a collimated 
detector. Then the bread beam attenuation is found using 
monoenergetic gamma rays without ccllimation. The numbe: 
which must multiply the narrow beam attenuation in crder to 
cbtain the broac beam attenuation ig the buildup factor, 

There are various buildup factors. The number buildup 
factor En is given by 

B, = Nae (14) 
Sar 

where the superseript® refers to the photons which heave rot 
suffered a collision. The corresponding energy buildup factor 


is given by 


2 J ah (15) 
*E Sr°ar 


some values of the energy buildup factor in lead which were 
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calculated by Goldstein and Wilkins (5), are shown in Table 
4. 

In order to determine the energy buildup facter experi- 
mentaliy it is necessary to determine the values of {rear 
and {iaz. it has been previously shown that {Tar for the 
cesium source can be determined from the area under the 662 
kev peak of the spectrograms. However, the value {tae ean- 
not be determined from the total area under the spectrogram 
eurve due to the contribution of the internal effects of the 
detector. Therefore, in order to determine Be, it was neces- 
sary to make several assumpticns. 

It was previously shown that the variation in the con- 
tributicn of the effects occurring in the lead shield in the 
detector is approximately the same as the variation of photons 


ef source energy. Therefore, if the total area under the 


Table 4. Energy buildup factor, B., in lead [after Goldstein 








and Wilkins (5)] 7" 
PX lew Nev 
1 1.24 1.37 
1.39 1.65 
ly 1.61 2.12 
7 1.84 2.71 
10 2.04 3.28 


15 4,17 
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spectrogram in Figure 2 is considered as the unscattered 
econtribetien ef the source photens, ther the area cf the un- 
seattered contributicn in the succeeding spectregrems should 


vary as the 602 kev peak. This means that 
Ac = Ar ae (16) 


There are two major discrepancies in this assumption. The 
bariwn K x-ray peak and the 120° back seattering peak do net 
vary as the unseattered radiation. Since bseoth cf these ef- 
fects appear as peaks or’ the scattering porticn ef the spectro- 
gram curves, these discrepancies can be corrected by sub- 
tracting the areas ef the peaks frem the total area under the 
curve. 

Taking the first assumption into account, it can now be 
assumed thet the total area under the spectrcegram curves is 
@ measure of the total contribution of the gamma radiation. 
There is a discrepancy in this assumption due te the internal 
detector scattering of the scattered gamma radiation frem the 
absorber. However, this is 2 seeend order effect and can be 
neglected for small seattering contributions. 

Using these two assumptions, it is now possible to 
determine the energy buildup factor from the equaticn., 

s - Ale. , & (17) 
el) «on 


> i 
The experimentally determined values of A, 4°, and Ey gre 
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shown in Table 5. 
When the calevlated values of B, from Table 4, and the 
experimental values of 5, from Table 5 were plotted versus 


absorber thickness in Figure 15, the experiment curve ap- 


Table 5. Areas under spectrogram curves and experimentally 
determined values of energy buildup factor in lead 


peared in the preper location. 





© 
thiekness Po* 2 2 "E 
EE 
0 0 150.4 150.4 1.00 
0.92 0.0938 Uk1.5 137.5 1.03 
1.82 0.185 130.6 124.8 1.05 
2.7% 0.279 122.5 113.5 1.08 
3.6% 0.371 113.5 103.5 1.09 
b. 56 0.465 106.0 9h .2 1.13 
5.46 0.556 99.5 86.0 1.16 
6.38 0.650 92.9 78.3 1419 
7228 0.742 87,1 71% 1.22 
9.10 0.928 76.7 59.2 1.30 
14.70 1.50 U5.6 33.4 1.37 





This indicates that the 


experimental values of By determined by this method are 
fairly accurate for absorbers of the thicknesses considered. 
It is suspected that the neglect of the second order seatter- 


ing in the detector would canse this method of determina- 
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tion te become inaccurate with absorbers of greater thick- 


hesses. 
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¥, CONCLUSTONS 


1. The use of the scintillation detector and the 
seintillation spectrometer provides a rather simplified method 
of studying attenuation cf gamma radiaticn. 

2. The value of the mass absorption coefficient, ob- 
tained by this methed, was quite accurate. 

3. Values cf the energy buildup factor, cbtained by 
this method, appeared to be fairly accurate for the thick- 


nesses of lead which were investigated. 
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